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ABSTRACT
Polarimetric  SAR data can provide a great deal of information
about the scattering behavior of the surface under observation.
Polarimetric SAR systems often measure the scattering
matrices of the areas under observation in linear polarizations
(H and V). From the scattering matrix commonly used forms
such as the covariance  matrix and the Stokes matrix can be
easily derived. Other measures derived from polarimetric  SAR
data include correlation coefficients between scattering matrix
terms and the mode and variance of phase differences between
scattering matrix terms. The effects of additive system noise on
these measurements is not often considered in the literature on
this subject.

In this paper, the effects of additive system noise on
measurements derived from polarimetric  SAR data will be
examined. It will be shown how first-order noise effects can be
removed and how second-order noise effects can be reduced
for some measurements. Some commonly occurring
characteristics of polarimetric SAR data which may be
attributed to noise, such as the. pedestal on a polarization
signature, or a broadening in the distribution of the HH-VV
phase difference over an area, or a reduction in the magnitude
of a correlation coefficient, will be identified. The appearance
of ar,imtrth ambiguities in polarirnetric  SAR data is also
addressed.
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BASIC  PO1,ARIMETRIC  SAR MEASUREMENTS
lor n o m i n a l l y c a l i b r a t e d polar irnetric SAR
measurements ,  the  measured matr ix ,  M,  should  be
related to the scattering matrix of interest, S, via:

.

“(:$:1+(:$:) ‘“N

where N is a matrix representing the noise in each
polarization channel. This noise cannot be removed
from the measurements. It remains to characterize [his
additive noise, examine the sources which give rise to it
and its effects on measures commonly deri~,ed  frc)nl
polarimetric  SAR data.

NOISE SOURCES
Potential sources of additive noise in polarimclric SAR
data are:

s ‘] ’hermal  noise - from the radar receiver, antenna
and background radiation (e.g. earth noise)

● Analog-  to-l) igital (ADC) conversion noise - incitrdcs
b o t h  quanti7ation  ( rounding  or  t runca t ion)  and
saturation noise

● Interference - due to transponders on the ground or

to transmitters
● Ambiguities - ‘ghost’ images visible in both range

and azimuth directions

In this paper, saturation noise and interference will
not bc included in the discussion.

SNR GOAIS
Goals for Signal-to-Noise ratios in polarirnetric  SAR data
are 2(MB [1].

NOISE CHARACTEIUSTICS
‘1’hermal noise  and  quantizaticm n o i s e  a r e  u s u a l l y
characterized as white noise inputs. “i’hat is, they have
cc)nstant spect ra l  dens i ty  over  a l l  bandwidths .  We
characterize this type of noise term” as having twc-
dimensional (real and imaginary), zero-mean, Gaussian
distributions, with the following properties:

(nj~ = 0

(n,kn;J =  %

(n~kn~m)= O, forj++lork*m.

(njL$/n) = O , for any j, k, 1, m.

where d’jk is the noise power (or noise-equivalent
sigma-zero) in the polarization channel jk. We assume
that the noise terms are uncorrelated with each other
and with the scattering matrix (signal) terms.

The assumption of constant spectral density for thermal
noise and quantization noise may not apply after SAR
processing, in which several filters (azimuth matched

filter, range matched filter, multi-looking, etc. ) are
applied. l’hc  net effect of these filters is usually to leave
the noise spectrum shaped instead of constant over
some  bandwidth. This is known as colored noise.

AMBIGUITIES
Ambigui t ies  a re  caused by aliasing in the azimuth
dimension and by receiving echoes from different
p u l s e s  s i m u l t a n e o u s l y  i n  t h e  r a n g e  d i m e n s i o n .
Ambiguities are unlike other forms of ‘noise’ in that
they can appear to be focused and look  like ‘ghost’
images. Azimuth ambiguities occur at fixed  along-track
repeat positions with respect to the position, .<,, c)f the
ac~ual feature, i.e. at positions:

n 1 & PRIx= %+-v =xO+n  AA

~iherc n is an integer denoting the number of the
am biguiry,  k i s  t h e  w’a~’clcngth,  lb the r.lngc  AL CIOSCS(
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approach, V the relative speed be[~~ecn platform und
targe[ and 1’KI the pulse repetition frequency.

When  collcc[ing polar imctric S A K  data, some  s} ’stc’m$,
s u c h  aS (he  NASA/’JW,  All{SAK,  collcc’t 1111,  11’d and V i i ,
V V  rc[crrns separatciy,  i,c. o n  adjarcnt p u l s e s .  ‘Ihc
rctcrrns are scparatcci b} i n t e r v a l s  l/2i’i<i  i n  t i m e  o r
V/21’i<i’ in the aio’ng-trwck  d i m e n s i o n ,  w h e r e  21’i{i is
the frcqucnc>’  at which pulses arc tr.~nsmittcd,  but  1)1<1
is the frcqucmc}’ at which il or V polarized pulses are
[ransmittcd.. If’ the 11}1,  }IV response occurs aI posi[ion
w,, the Vll, vvrcsPOnsc Occursat position

‘ihc  Vii, W returns arc [hen rcsarnplcd so t}~at the’> arc
rcgistcrccf  with the ilii, iIV returns.

‘lhc  a~imcrth  phase histc)ry  for a target posit inncd a[ N
can bc rcprescnled by:

SLIpposc t}lc 11}[,  llV re[urns arc f r o m  a largct posi[ioncd
at  .%. A f t e r  rcsarnpling  the V I I ,  V V  rc[urms  will stiil
have  a  phase  shi f t  ~n(Ax)2/k&  ~vi[h respect to the 1111,
ilV rc[urns. 1[ is straigh[forwarci to rernoje t h i s  pbasc
shift tvith  an appropriate multiplication b~ a c{)rnplcx
ntrmbcr.

N o w  c o n s i d e r  !that h a p p e n s  to azimuth ambiguc)us
returns when the abo\c prc)ccdure is applied. l“hc ilil,
IiV ambigucws  rcspcmscs  occur at the position XO + nAA,
~~hile the  Vfl, V V  a m b i g u o u s  rcspc)nses c)ccur  a t

SO + nAA + Ax . Lls. ing the expression for the a~irnuth
phase  histor>,  given  in (3), it can bc shown that, after
resampling and corrccticm for the nominal phase shift,
the p h a s e  cfiffcrence bet}veen  the ambiguc)tss  1111, iIV
and [hc Vii, VV rc[urns is nrt. 1 his can readily bc seen
in AIRSAK  images  of  br ight  pc)int targets :  the  f i rs t
ambiguities Iic at a dis{ancc  AA ciiher side c)f the main
response  and the phase difference bctwccn ilil and W
is n radians. “1’hus  the first (and strongest) ambigctitics
(>f[cn look like  ‘ghosts’ of the real thing but with the
}[11-VV  phase difference changed by --180 degrees. In
I igcrrc 1 is shcmm a point target 1111  response  frc)m a
c-cmner rcflectc)r at a calibration site, together with  the
1st ambigui ty  on  the  r igh t .  The  peak  Ie\el of the
ambigui ty  i s  22d  R dowm frcml the peak of the ac[u  ai
response. l’hc  }1}1-W  phase difference fc)r the peak of
the ambiguity is 168@,  while the cor[-espc)nciing  taluc
for the actual response is -6°.

POIARIMFTRIC SAR MEASUREMENT’S
[n this section, the effects of noise on selcr:l] Cc)n)nlc)ll
mcasur-cs  used in anal>’sis of polar imctric SAK ciata  arc,
c~amined.  I t  i s  assurncd t h a t  the scatteril]g, nl:itrix
mc.tsurcmcnts  ha~e  been  ‘s>mmctrized’,  i.e. that the iIV
and VII mcasuremcr~ts  ha~c  bwn a~’eraged  tc]p,  ether, as
is the case’ fc)r NASA/J  l’l. AI RSAR diata. Nc]tc that, after
S>’rlltllc[ri~a[iorl, the nc)isc  power in [he [[V
mcasurcmwnt  should bc:

COVARIANCE  MATRIX
f  cwming crc)ss-products bctw’ccn t h e  clcmcnls o f  the
m e a s u r e d  m a t r i x ,  M ,  yields the e l e m e n t s  of t h e
cw,ariancc matrix associated with the measurcrnents.
[Indcr t h e  assunlptiorl t h a t  t h e  hackscattcr i s
reciprocal, t h e  e x p e c t e d  value of  these  six cross-
proclucts  can bc shcmm to bc:

where the cr’s are the noise po}vers in the iI[[, IIV and
V V  mcasurcrnents. ‘1 hc a~rcragc values of these nc)ise
pcwcrs, if kncwsm, can be subtracicd c)ff c r o s s - p r o d u c t
n~easurcments which  havc~ been averaged  o~,cr areas.
This  corrects for the first-order noise effects. Spatial
aieraging alsc) reduces the ~ariance c]f h igher  c inder
nc)isc fluctuations.

STOICEi  MATRIX
A n o t h e r  w a y  o f  r e p r e s e n t i n g  t h e  crc)ss-products
derived from the scattering matrix clcrncnts is in the
Stokes  matr ix  format ,  [or reciprocal scat~crcrs the
Stokes matrix F is a 4s4 symmetric matrix, with  the
follo!ving clcrnents:

}23 = 0.5Re (Nl~,l hl,r~, ) - 0.5Re (hll;v N{l, )

i igurc  1: l’oint target rmponsc from (:-biand iii i
AiiKAi{  image, showing,  position  ()! 1 st
azin]uth  ambi~u  it> (m the’ right  -hanci SId IJ

IJ,i = 0.5( N1}IV hl,;v ) - 0.5Re (Nf,~,r N1,T, )

i:: = 0.25(  NJ,,, Ml;,,  - lhl,,, N,;,  + Nf,,  Jl(, }
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When  there is no signal present, i.e. the scattering
ma[rix elements are all zero, [he expected values of [hc
Stokes malrix elcmcmts  are:

(},,)  = ().2s  (0:,,  + 24” + O?w)

(1,,)  = 0.25  (cr~l, - a~w)

(},3)  = (} ,,) = (1,3) = (1”24) = (}34) = ()

(122) = ().25 (a:,, - -2Cr;, + @

(}33) = (144) = 0.5 O;v

“1’hcsc  arc the first-order, additive noise powers to bc
cor~-ec(cd in the presence of a signal. Note lhat if the
noise powers in each of the channels are equal (before
s}’[l]lt~ctrizatic]n),  only the II 1, 122, f~~ and 1~~ t e r m s
contain significant first-order noise terms. As for the
covariancc matrix, spatial averaging will reduce the
var iance  of  h igher  order  noise  f luc tua t ions  i~l ~he
Stokes matrix measurements.

CORRF.lATION  COEFFICIENTS
When  forming a correlation coefficient between the
}111 and  VV scattering m a t r i x  m e a s u r e m e n t s ,  t h e
following is calculated by asetaging over an area:

‘1 his can be corrected for first-order noise effects by
i n i t i a l l y  mrrccting the covariance m a t r i x  clcmcnts

used tc} calculate the correlation coefficient. If this is
not done, the estimated correlation coefficient will be
lo~vcr t h a n  t h e  a c t u a l  o n e .  I’he  s a m e  a p p l i e s  t o
c o r r e l a t i o n c o e f f i c i e n t s  f o r m e d from o t h e r
combinations of scattering matrix elements. Again,
spatial averaging will reduce the variance of big}]cr
order noise fluctuations in the correlation coefficient
n]casuremcnls.

POLARIZATION SIGNATURES
1 or any given radar receive and transmit polarizati[)]l,
the radar cross-section (RCS) can be calculated fron]
the scattering matrix, S, via

tvherc qr , Pt a r e  p o l a r i z a t i o n  f i e l d  ~,ectors  f,,r  {I]c
radar receive and transmit polarizations, respcctli ~1~
‘ l ’h is  procedure is called p o l a r i z a t i o n s)n(h L’\l\
l’olarization s i g n a t u r e  p l o t s  a r e  a  u s e f u l  tot)] 111
v i s u a l i z i n g  polarimetric s c a t t e r i n g  p r o p e r t i e s  II! J
target. ‘1’hcy represent the synthesized  response [It I Ih,
target to all possible like-polarized or cross- ptjl.ir I)< if
radar transnlit/receive combinations. I’he polarlj.i[  I II
s ignature  p lo ts  a rc  g iven as  funct ions  c)f c)rict][.1[  :1
and cllipti city angle, and are normalized with rcsl>~ i i ,
the total power, II 1.

The scattering matrix model for ttragg  scattering ITIII1]
an idealized rough surface, such as ~vind-blmvn \\.i LLI,
is:

()S.co
o }1

with cz,breal, b xt XI

ard-=llbb=ci)

i.e., a  scat ter ing matr ix  wi th  zero  cross -polari~ed
re turn ,  1[}{ and VV returns  which are  complete ly
correlated and zero phase difference between the 1111
a n d V V  r e t u r n s , A  p o l a r i z a t i o n signa[trre
corresponding to a typical Bragg sca[tcrcr is shown in
ligurc 2.

,Rosamond  170-4
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elllptwty
Iigure 2: like-polarized polarization signature of a

typical Bragg scatterer with high SNR

The  polarizatic)n signature in ligure 2 shows the case
where there is a high SNK (>1 8dB). [igurc 3 co]~tains  an
example of a polarization signature of a Bragg scatterer
when the  SNR is  low (<7dil).  Note that the p e d e s t a l
(n~inirncrrn  level of the p o l a r i z a t i o n  s i g n a t u r e )  i s
significantly increased,

Rosamond 170-4
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ell{ptlc!t y
I igurc  .3: like-polarized polarization signature of J

typical Bragg scatterer with lcw SNK

PHASE DIFFERENCE PI,OTS
In Iigure 4, 1111-W phase difference plc)ts for the same
s c a t t e r e r s  e x a m i n e d  i n  Iigure 3 are shcnvn.  T h e
presence of noise in the low SNR case broadens the
dis t r ibu t ion  of  the  phase  h is togram but  does  not
significantly alter the mode of the distribu[icm.

SUMMARY AND DISCUSSION
[ he impor tance  of  knowledge  c~f the noise p o w e r
[>[csent in the 1{11,  }IV, VII and W mcasurcn]cnts  m a d e
b> a polarimetric SAR system has been dcmc)nstrated
‘l bo\’c’. If the noise powers are known,  tbc>  can be used
rt) .ipply  a first order correction to a\rcragcd  cm ariancc
11~.ltrix  or Stokes matrix values. If such first orctc’r nnisc’
, ,,rrcc lions a r e no t appl ied , sci’cr.il rnt, asurcs
, , )mmonly  derived from poiari metric SAR d.ita  ma}’  gi~’e
‘l l(,ncous r e s u l t s .  S p a t i a l  a~,craginp,  rcduccs the
t]lghcr  order fluctuations in the noise.

I hc noise power \,alues as a function c)f r.irl~c positicm
II] the  image  should, ideally, be provided li ith [hc data.
Ir) the absence of information on the noise p{mcrs,  the
u<cr can get a crude estimate of an upper bound to the
nt~ise  f l o o r  b y  e x a m i n i n g  t h e  IIV b.i( k~(-.~tter
(or rcspcmding  to a target dcmc)r~stratin~  kn(mn l{ragg
~[.~t[cring  bchal’ior (e.g. a  wat t ’ r  surface c~r (t Lil}’ l,ikc’
bed),  ‘1 his shoulcl  giie an estimate for the n~II\c p(mcr
i n  the  lIV nwascrrc’mc’nts.  I C)r “s> ’r~)rl)clri/c~i”  L1.1~.1,  If lhc
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noise powers were all equal before syrntnctriz.ation, the
11}[  and W noise  powers would then be 3dB higher than
the [IV.

Also, it was shown that the firs~ and brightest azirnut}l
an) biguitics (i.e. those cioses[ to the  main  r e s p o n s e )
occur at predictable locations and \vi[h an 1111-W  phase
difference 180 dcgrccs away  from the phase difference
associated ~vith [hc m a i n response . ‘Ihus, i n
polarimetric SAR d a t a , very bright single-bounce or
doubie-bounce scatterers will give rise to ambiguities
in a~imutb that look  like f~irl) brigh[ d o u b l e - b c r u n c c
or single-bounce scatterers, respect i~elj,
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Iigure-1:  1111 -Wphase difference histcrgranl  plo[s  for
typical Bragg scatterers witha) high SNR and
b) 10W SNR
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